The attenuation rate of the ground wave signal with range is a factor limiting the performance of coastal radars. We show that observed attenuation rates are less than theoretically predicted rates at 25 MHz. This result, contrary to earlier findings at lower frequencies, suggests the onset of tropospheric ducting above 20 MHz. The attenuation rates for various sea states and distances are tabulated to allow estimates of system performance near 25 MHz.
INTRODUCTION
Use of the frequency region near 25 MHz by coastal radars (called CODAR's) that monitor ocean wave height directional spectra and surface current fields is increasing rapidly. These radars, having compact antennas that transmit and receive vertically polarized fields in a ground wave propagation mode, extract ocean surface information from the Doppler signature of the moving surface [Barrick et al., 1977; Lipa and Barrick, 1982] . At present, several groups (both within and outside the United States) have procured CODAR systems, and frequencies near 25 MHz have been officially allocated for CODAR use.
Essential to predicting and understanding system performance is a knowledge of how rapidly the sea echo signal attenuates with range. This attenuation rate dictates how far useful sea surface information can be obtained. Although asymptotic solutions to the problem of propagation near a smooth spherical earth date back to Watson [1918 Watson [ , 1919 , simplifications of the solutions suitable for numerical calculations are found in the works by Wait [1962] and Fock [1965] ; Berry and Chrisman [1966] have written FORTRAN computer programs that calculate these propagation losses. Barrick [1970 Barrick [ , 1971a studied the effect of roughness, or "sea state," on propagation loss above an otherwise smooth sea and found that it could be included at Copyright 1984 by the American Geophysical Union. There are two meaningful ways to define the attenuation rate, both in decibels per kilometer; we employ both here. The first defines the rate as proportional to the negative rate of change of the actual received signal power with range R for a ground wave sea scatter radar, assuming statistically homogeneous wave and echo properties with range at a given bearing. The second way removes the 1/R 3 dependence of the received signal power, characteristic of surface scatter and free-space two-way attenuation. This latter quantity is therefore twice the oneway attenuation rate (also in decibels per kilometer) inherent in the "Norton attenuation factor," F, used by Wait [1962] and others. Attenuation rate according to the second definition is also expected to approach a constant value for ground waves over a spherical earth at great distances.
Recent, careful analyses of experimental radar data [Forget et al., 1982] for each antenna and range cell, we obtain the power Doppler spectrum. Signal-to-noise ratio (snr) is defined as the ratio of the average of 10 power spectral points around the maximum echo spectral peak to an average of 100 points at the edges of the spectral window; the signal at these positions is known to be external atmospheric noise. The snr's (converted to decibels) from eight 1024-point transforms 4.5 min long are calculated for the 36-min data run. An average of the snr at each range was calculated from the eight samples, along with the associated variance. The study is confined to ranges from 23.4 to 30.6 km from the radar.; the automatic gain controls and other signal normalization procedures in the system destroy the relative snr variation with range at closer ranges, and the farther ranges were omitted because the snr there is sometimes too small for reliable use.
THEORETICAL MODEL USED
A model for the received signal strength has been postulated and employed to calculate expected average signal power loss rate (versus range) for the antenna elements used in this system. The received signal power strength is an angular integral of the sea echo within a semicircular range cell weighted by the antenna patterns for each of the three receiving antenna elements. The sea echo and the propagation loss appearing as factors in the integrand are also functions of azimuth angle. The first-order sea echo is directly proportional to the ocean wave height directional spectrum at 6-m wavelength, in the azimuth direction of interest. We employ a Joint North Sea Wave Project (JONSWAP) model [Hasselrnann et al., 1976 ] that also incorporates a directional factor [Hasselrnann et al., 1980] . This wind wave model is a function of three parameters that we obtain from environmental measurements by others at ARSLOE: wind speed (or wave height) and direction, and a development factor. The latter depends on duration (the period over which the wind has been blowing) and fetch (the distance over which the wind has been blowing). In all cases the wind was sufficient that the 6-m waves that produced the sea echo were "saturated," i.e., developed to their maximum possible height for the given fetch; the directional pattern of the sea echo according to this model therefore was very broad. The strength of the JONSWAP spectrum in the saturated region is described by the constant • (to which the first-order sea echo is directly proportional); this constant is shown to be a weak func- tion of fetch [Hasselmann et al., 1976] . Only the last time period we examined, when the wind was offshore, contains the possibility that the sea echo might therefore vary with range from the radar. Because of the small range interval studied here (23.4-30.6 km) and the weak dependence of • on fetch, its variation (and hence that of the first-order radar cross section) across this interval is less than 3%, and therefore we neglect it.
The propagation loss to a point in the range cell depends on the effective surface impedance, which is a function of the sea state, i.e., the wave height directional spectrum; the propagation loss was shown [Barrick, 1971a , b] to be only slightly directionally dependent. We used a surface impedance that included the effects of swell (i.e., nearly sinusoidal waves from a distant storm), along with the wind waves. Swell, when present, was estimated from the National Oceanic and Atmospheric Administration (NOAA) pitch/roll buoy operating in the area. Wind waves were estimated from the same JONSWAP wind wave model mentioned above. Using these estimates of surface impedance to account for the sea surface conditions occurring at the time of each measurement, we calculated the propagation loss to the given range at the specific integration angle with the FORTRAN program of Berry and Chrisman [1966] . The integration over angle for each antenna then gave the predicted signal power strength as a function of range, except for an unknown multiplicative constant containing system gains. The attenuation "rate" in decibels per kilometer (a logarithmic function that eliminates multiplicative factors) was therefore calculated from this model. An example of this theoretical loss is the unmarked curve in Figure 1 .
Results of these theoretical calculations show that attenuation rate does not exhibit a directional dependence. That is, different directional patterns showed no appreciable differences in loss rates. This is undoubtedly due to the broad-beam antenna patterns and also to the only slight directional dependence of the propagation loss at 25 MHz, as shown by Barrick [1970 Barrick [ , 1971a . Finally, we employed the simplest possible model to examine tropospheric refractivity effects: modification of the effective earth radius factor in the ground wave loss calculations, based on different lapse rates of refractivity near the surface [Wait, 1962; Bean, 1964] . The latter shows from extensive measurements over all parts of the earth in all weather conditions that the total possible span of (average) refractivity lapse, AN, in the lowest kilometer varies between -20 and -80.
Effective earth radius factors corresponding to this span go from 1.2 to 2.0 (in comparison with the • factor normally used). Employing these extremes in the loss calculations produced no appreciable change in the attenuation rates, at least not enough to explain the differences observed experimentally. Hence we conclude that differences observed, if they are indeed due to atmospheric effects, cannot be explained by this simple, one-parameter refractivity model. Although much more complicated models have been postulated for ducting [Fock, 1965] (1) no detailed measurements of the duct refractivity profile were available at ARSLOE in the CODAR coverage area and (2) forcing the output of a multiparameter model to fit one data point (i.e., the loss rate at a given time) would produce no credible conclusions as to tropospheric effects on path loss.
COMPARISONS
We now compare the theoretical and observed attenuation rates with range (measured in decibels per kilometer) at 25.4 MHz for many sea state conditions. The radar cross section of the sea is taken to be constant with distance over the sea state conditions and range interval considered here (see justification of preceding section); therefore the received signal strength, or snr, is a direct measure of the path loss. The observed path attenuation rates are calculated from eight independent sea echo spectra at each radar range; thus 48 independent data values deter- Preceding the storm on October 22, significant wave heights were 0.5 m, as measured by the NOAA XERB data buoy in the area. As the storm intensified, the wave height increased to 1.7 m on October 24; winds/waves were from the northeast. The peak of the storm on October 25 saw wave heights of 4.5 m. As the storm abated, wave heights decreased to 1.7 m on October 26, but the winds were blowing from the west, generating a second set of shorterperiod, offshore waves of lower height. During the period when the wave height was increasing, we observed that the absolute snr decreased for a given range, as evidenced by the decrease in maximum usable range of the system. For 25.4 MHz at a mean range of 26 km, Figure 2 shows that the attenuation rate is a clear function of sea state; in the cases of both theory and experiment, the attenuation rate increases with increasing wave height. The error bars on the measured data points in Figure 2 and the uncertainties given in Table 1 Theoretical attenuation rates have also been presented for radar ranges of 40, 50, and 60 km as a guide for assessing maximum range capabilities for CODAR users. Observed rates tended to be slightly less than theoretical rates at closer ranges; this trend might be expected to hold at greater ranges also. Tabulated uncertainties represent total variations over all three antennas and for a wide range of sea states. Sea state tends to affect the rate less at greater distances, although our measurements show a drop in absolute signal strength.
